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AGN environments at z < 1.5 in the UKIDSS Ultra-Deep Survey 
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ABSTRACT 

We investigate the environments of both X-ray and radio-loud AGN within the UKIDSS Ultra- 
deep Survey (UDS) using deep infrared selection to sample the galaxy density field in the 
redshift range 1.0 ^ z ^1.5. Using angular cross-correlation techniques we find that both 
X-ray and radio-loud AGN preferentially reside in overdense environments. We also find that 
both types of AGN cluster more strongly with those galaxies classified as 'passive' rather than 
those that are actively star-forming. We infer clustering scale lengths comparable to those of 
passive red galaxies, suggesting that typical AGN at these epochs reside in dark-matter halos 
of mass M > 10 13 Mq. A closer look at the small-scale environments of the AGN reveals 
that the neighbouring galaxies of radio-loud AGN have U — B colours more skewed towards 
the 'green- valley' and the red sequence, whereas the neighbours of X-ray AGN show no 
difference to the general galaxy population. This suggests that although both AGN types live 
in overdense environments, the radio-loud AGN may be preferentially located in more evolved 
cluster cores, in a similar environment to low-powered radio AGN in the local Universe. 
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1 INTRODUCTION 

In the local Universe, there is a tight correlation between the mass 
of a galaxy's supermas sive black hole (SMBH) a n d its stellar ve- 
locity dispersion (e.g. iFerrarese & Merrittl bOOOt iGebhardt et al.l 
2000), which suggests a joint evolution of the two. In addition, 
many models of galaxy formation now invoke active galactic nu- 
clei (AGN) feedback in or der to terminate sta r formation in the 
most massive galaxies (e.g. iBower et alj|2006l) . although the pre- 
cise mechanism is unclear. There is also increasing evidence to sug- 
gest that AGN have a signific ant role to play in the observed colour- 
bimo dality of galaxies (e.g. Georgakakis et al.l 120081; rSchawinskil 
2009). The interplay between an AGN and the properties of its host 
galaxy may therefore provide important information to further our 
understanding of galaxy evolution. 

Many galaxy properties are also dependent on the environ- 
ment in which they reside. For example, star-formation and quasar 
activity have been fou nd to depend on the local galaxy density 
(Kauffmann et al. 2004), whilst radio-loud galaxies are more likely 
to reside in the brightest galaxies in groups or clusters, rather 
than galaxies of the same stellar mass in different environments 
jBest et al]|2007i ). The clo sely related gal axy morphology-density 
relation was discovered by |Pressler1(ll980l) . in which, as the density 
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of the environment increases, an increasing elliptical and SO popu- 
lation is found, along with a corresponding decrease of those galax- 
ies with a spiral morphology. It may therefore also be expected that 
AGN properties are dependant on the environment, and it could 
be the environment tha t triggers processes such as AGN accretion 
dSilverman et alj|2009l) . 

To gain an insight into the environments of AGN, their angu- 
lar and spatial clustering have been studied extensively (although 
early work has been limited by s mall number stati stics). The largest 
study of this kind to date is bv lRoss et al.l (|2009), who studied the 
autocorrelation of 30 239 spectros copically selected quasars in the 
Sloan Digital Sky Survey (SDSS: lYork et alJbOOCh with redshifts 
of 0.3 ^ z ^ 2.2. A strong clustering signal was detected in the 
sample. There was no detection, however, of any evolution in the 
clustering properties of the quasars with redshift. 

It is also possible to study the autocorrelation of AGN by di- 
viding them into categories dependent on their observational char- 
acteristics. This allows investigation into whether all AGN are de- 
rived from the same population of ga laxies or whether they are 
fundamentally different. Research by iGilli et ail d2009l) investi- 
gated the autocorrelation of X-ray sources in the redshift range 0.2 
^ z ^ 3.0 and found a strong clustering signal at the 18cr level. 
The evolution of this clustering was also studied, although there 
was no significant difference found between AGN below and above 
z — 1. The correlation length of the AGN at z ~ 1 was found to 
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be similar to that of early-type galaxies, suggesting that AGN are 
preferentially found in massive galaxies. 

There is evidence to suggest that radio-loud AGN are found 
in different environments to the general AGN population. Radio- 
loud AGN are found to be among the most clustered popula- 
tions in the Universe; even more so than luminous red galaxies 
(LRGs). iDonoso et all ( l2010h calculated the cross-correlation be- 
tween 14,000 radio-loud AGN and 1.2 million LRGs between 0.4 
< 2 < 0.8 from the SDSS to find that radio-loud AGN clus- 
ter more strongly than LRGs on all scales and the luminosities of 
radio jets were f ound to correlate with the local galaxy density. 
IWake et all d2008h found that a sample of radio-loud AGN cluster 
more strongly than a sample of radio-quiet AGN at z ~ 0.55. 

In general, it appears that radio AGN are associated with mas- 
sive red galaxies near the centres of galaxy clusters, although this 
can be dependen t on the power of the rad io source. For example, 
iBest et aLU2002h and ljohnson et alj J2003h studied the galaxy clus- 
ter MS 1054-03, which lies at a redshift z = 0.83, and found an ex- 
cess of radio sources within 2 arcmin of the cluster centre. Around 
half of the radio sources had a close pair within a projected length 
of 10 — 25 kpc, which was interpreted as evidence for close or weak 
interactions playing a part in triggering radio activity. Similar re- 
sults have also been found by other invest igati ons, some as early as 
the 19 8 0s, including lYee& Green! dl987l) and lPrestage & Peacock! 
( 1988). Iffill & Lilly! Jl99lh investigated the relationship between 
the radio-luminosity dependence of environments at redshifts up 
to z ~ 0.5. It appears that in the local Universe, low-power radio 
AGN reside in clusters, whereas high-power radio AGN reside in 
small groups or field environments. However, as the investigation 
is extended up to redshifts of z ~ 0.5, high-power radio AGN are 
also fo und to reside in m ore clustered environments. 

iHickox et all (2009) extended research on AGN clustering by 
comparing different wavebands in which AGN can be detected. 
This research differs from the previous work described above in 
that the cross-correlation of AGN with all other galaxies in the 
sample was s tudied, rather th an looking at the AGN autocorrela- 
tion (also see ICoil et al.|[2009h . AGN selected in X-ray, radio and 
mid-infrared wavebands within a redshift range of 0.25 ^ z ^ 0.8 
were studied. Galaxies detected in the radio band were found to 
be very strongly clustered (more so than those AGN detected in the 
other wavebands) due to the fact that they are found mainly in lumi- 
nous, red galaxies (which are also strongly clustered). X-ray AGN 
(of luminosities 10 42 — 10 45 erg s _1 ; a similar range to those dis- 
cussed in this work) were found to preferentially reside in the green 
valley and therefore cluster with a similar strength to those green 
valley galaxies. Infrared-selected AGN show the weakest clustering 
compared to the galaxy type in which they are found (blue and less 
luminous galaxies) which was interpreted by IHickox et alj d2009h 
as a n environm ental effect triggering AGN accretion. 

ICoil et alj J2009h divided their X-ray AGN from the AEGIS 
field into categories such as hardness ratio, X-ray luminosity and 
optical brightness and cross-correlated them with galaxies in the 
redshift range 0.7 ^ z ^1.4. However, no difference was found in 
the str ength of the cross-cor relation between these categories. Sim- 
ilarly, iKrumpe et all d2010l) cross-correlated a sample of ~ 1550 
broad-line AGN with ~ 46 000 LRGs at z ~ 0.25 (a lower redshift 
sample than that used bv lCoil et al.l2009t) . High and low luminosity 
X-ray AGN were cross-correlated with the LRG sample separately, 
and the brighter sample was found to be more clustered. This is in 
contrast with what has been found at higher redshifts, which the 
authors suggest could be due to different mechanisms triggering 
AGN at different redshifts or at different halo masses. In the lo- 



cal Universe, ICappellutiet"aT] ( l2010l) calculated the autocorrelation 
function of 199 hard X-ray selected AGN split into different sam- 
ples to find that Type I AGN are more clustered than Type II AGN, 
although previously, no difference in the clusteri ng of the two pop- 
ulations had been found up to redshift 2 = 2 febrero et al.ll2009t 
iGilli et al.ll2009llSilverman et alj|2009h . 

Aside from angular and spatial correlation techniques, the 
environments of AGN can also be studied using simpler statisti- 
cal methods such as nearest-neighbour techniques. X-ray AGN at 
higher redshifts 0.6 ^2 ^1.4 have been found to avoid under - 
dense environments dGeorgakakis et al.ll2007h iMartel et al.ll2007l) . 
which is very different from what is found at lower redshifts. In 
the local Universe, it is generally accepted that X-ray AGN re- 
side in a range of different environments including field galaxies, 
small groups of galaxies, and moderately de nse environments as- 
sociated with the outskirts of galaxy clust ers djohnson et al 1 l2003l: 
iGilmour et al.l2007T ; ISilverman et al.l2009h . It appears that at lower 
redshifts, AGN reside in star-fo rming galaxies irrespective of envi- 
ronment dsilverman et al.ll2009h . 

The aim of this work is to study AGN in the X-ray and radio 
wavebands and their surrounding galaxies at a redshift range 1.0 ^ 
z ^ 1.5 in order to determine the environments of AGN during an 
impor tant epoch for the establishment of the galaxy red-sequenc e 
(e.g. ICirasuolo et"aLll2007l : lArnouts et ai1l2007l; lllbert et alj|201oh . 
A short investigation is also undertaken into the environments of 
AGN between a redshift 0.5 ^2 ^ 1.0 to see whether the correla- 
tions in this paper agree with that of previous work. In this work we 
cross-correlate galaxies from the UKIDSS UDS (Ultra Deep Sur- 
vey) with a sample of X-ray detected AGN from the Subaru/XMM- 
Newton Deep Survey and also radio-loud AGN from deep radio 
imaging of the same field. The infrared depth and area of the UDS 
allows us to extend studies of AGN environments to 2 > 1 without 
the strong biases inherent in optical galaxy selection. 

Where relevant, we adopt a concordance cosmology in our 
analysis; fi M = 0.3, fi A = 0.7, h = H /100 kms~ 1 Mpc~ 1 = 
0.7 and as = 0.9. Throughout the paper, the term 'XAGN' is used 
to refer to an X-ray AGN, and 'RAGN' is used to mean a radio-loud 
AGN. Any distances quoted are physical distances unless otherwise 
stated. Section[2]describes the data used in the cross-correlation and 
in Section [3] we present the results. Section [4] looks at the small- 
scale environments of AGN and finally Section [5]discusses the in- 
terpretation of these results and concludes the paper. 



2 SAMPLE SELECTION 

In this section we introduce the AGN and galaxy samples that were 
used to perform the cross-correlation analysis. We restrict our pri- 
mary analysis to the redshift range 1.0 ^ 2 ^1.5, noting that this 
corresponds to an important epoch in gala xy evolution: the rapi d 
build-up of the galaxy red-sequence (e.g. ICirasuolo et all l2007h . 
The distribution of galaxies and AGN are shown in Figure [TJ 



2.1 The UDS Galaxy Sample 

The UDS (Ultra Deep Survey) is one of the five surveys which 
make up the UKIR T Infrared Deep Sky Survey (UKIDSS; 
lLawrence et al .1120071) . The UDS covers an area of 0.77 square de- 
grees, centred on the Subaru-XMM Deep Survey (SXDS), and is 
the deepest near-infrared survey over such a large area to date. 
In this work we use data from the DR3 release, reaching depths 
of K AB = 23.7, H AB = 23.5, Jab = 23.7 (AB, 5<r, 2"). 
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In addition to near infrared data, the field is covered by ex- 
tremely deep optical data in the B, V, R, i' and z'-bands from 
the Subaru-XMM Deep Survey, achieving depths of Bab = 
28.4, V AB = 27.8, R AB = 27.7, i' AB = 27.7 and z' AB = 26.7 
dFurusawa et al.l l2008. 3<r, 2"). There is also Spitzer data reaching 
5<t depths of 24.2 and 24.0 (AB) at 3.6/^m and 4.5/im respectively 
from a recent Spitzer Legacy Program (SpUDS, PLDunlop) and 
U-band data taken with CFHT (Canada-France-Hawaii Telescope) 
Megacam (Uab = 25.5; Foucaud et al. in prep). As the UDS data 
is so deep, this means that we are able to probe typical sub- L* 
galaxies in an un-biased manner to z ~ 3 dCirasuolo et al.l2 010). 

The galaxy sample used in this analysis is primarily based on 
selection in the K-band, upon which we impose a cut at Kab = 
23 to minimise photometric errors and spurious sources. We are 
also able to ensure a high level of comp leteness (~ 100 per 
cent) and reliable photometric redshifts (see ICirasuolo et alj|201fl ; 
lHartlev et al.l20101) . Bright stars are trivially removed from the cat- 
alogue by excluding objects on a stellar locus defined by 2-arcsec 
and 3-arcsec apertures, which is effective to K AB < 20.0. The 
fainter stars are removed using a BzK diagram (Daddi et al .120041) 
and the criterion (z' — K) < 0.3(B — z') — 0.5. These cuts and 
careful masking of bright saturated stars and surrounding contami- 
nated regions leaves 36 962 galaxies in our sample. 



2.1.1 Photometric Redshifts 

The photometric redshift for each galaxy in our UDS/SXDS 
sample has been computed by fitting the observed photometry 
(UBVRi'z'JHK and 3.6^tm and 4.5/xm) with both synthetic 
and empirical galaxy templates. The fitting procedure is undertaken 
with a code which is lar gely based on the public package H YPERZ 
teolzonella et al.l2000t) . The magnitudes obtained from the images 
were used to determine photometric redshifts by a \ 2 minimisation 
over a large suite of mo del templates, const r ucted using evolution- 
ary synthesis models of iBruzual & Charlotl d2003l) with a Salpeter 
initial mass function, and in cluding a treatment of dust content (see 
ICirasuolo et alll2007l. I20T0I for a full account). In the photometric 
redshift range 1.0 z ^ 1.5 we find 9 896 K-selected galaxies in 
total, the spatial distribution of which are shown in Figure 1 . 



2.2 X-ray Data 

The Subaru/XMM-Newton Deep Survey dUeda et alj|2008h covers 
an area of 1.14 deg 2 and is centred at R.A. = 02hl8m and Dec. = - 
05d. The SXDS field was mapped using XMM-Newton using seven 
different pointings in the 0.2-10keV band. The central pointing has 
the deepest exposure time (lOOks), and this is surrounded by the six 
other pointings which have shallower (50ks) exposures. Within this 
survey, there were found to be 1245 X-ray point sources, of which 
104 are within the redshift range 1.0 ^ z ^1.5 (see below). 

In order to compensate for these variations in exposure across 
the SXDS, we used the X-ray flux-limit map for the field in the 
2 — 10 kcV band to maximise the number of AGN used in the sam- 
ple whilst keeping the flux level the same across the entire field. The 
flux limit was taken as 7.98 x 10 _15 erg cm -2 s _1 which reduces 
the number of usable AGN to 62 within our required redshift range. 
Of these 62 AGN, 37 have spectroscopic redshifts (see Simpson et 
al. in preparation and Akiyama et al. in preparation) and 26 do not. 
See Table 1 for an overview of the various AGN samples used in 
this work. A K-band matching between the UDS catalogue and the 
SXDS was carried out in order to obtain photometric redshifts for 
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Figure 1. Illustrating the distribution of the UDS galaxies (grey crosses) 
with photometric redshifts in the range 1.0 ^ z 1.5. X-ray and radio 
detected AGN within the same redshift range are overlaid (red circles and 
green diamonds respectively). The contours are drawn from the X-ray sen- 
sitivity map, representing the adopted flux limit. X-ray AGN are only ex- 
pected within these contours, whilst radio AGN can be detected across the 
entire field. The shape of the underlying galaxy field is due to the overlap- 
ping regions of the infrared, optical and Spitzer IRAC data. 



those AGN that did not have spectroscopic data. The photometric 
redshift was taken from the UDS galaxy which gave the closest 
match bet ween itself and th e X-ray source wi thin a 5 arcsecond 
radius (see iFiore et al.lEoolk Istalin et al.ll2010h . There is an error 
associated with matching an X-ray catalogue to an optical or near- 
infrared catalogue in this fashion, as the incorrect galaxy may be 
assigned as the X-ray source. A rough estimate of this error can 
be calculated by considering the average spatial density of galaxies 
within the UDS and comparing this with the area covered between 
an X-ray source and its nearest galaxy. This calculation shows that 
the error on the K-band matching is 5% which corresponds to less 
than one of our seventeen AGN (of those with a photometric red- 
shift only) being placed in the incorrect redshift bin. 

In the redshift range 1.0 ^ z ^1.5, the implied 2 — lOkeV 
X-ray luminosities are in the range 7 x 10 43 — 3 x 10 45 erg s _1 with 
a mean luminosity of 1.9 x 10 44 erg s _1 . We are therefore probing 
'typical' X-ray AGN, around the kne e in the luminosity function 
dEbrero et al .1120091; iMivaii et alhOOOh . 



2.3 Radio Data 

The radio da t a wa s taken from the 100-^Jy catalogue 
dSimpson etafl 12006). The SXDF was observed with the 
VLA using 14 overlapping pointings, in which 505 radio sources 
were detected over the 0.8 deg 2 to a limit of 100/iJy at 1.4GHz. 
Each source is contained in the 100-/iJy catalogue along with a 
corresponding RA and Dec in the radio and optical wavebands. 
In order to create our AGN catalogue, the optical positions of the 
radio sources were matched to the K-band positions of galaxies in 
the UDS within a radius of 2 arcseconds, with the closest match 
chosen as the best match. 421 radio sources were matched to 
the UDS catalogue. Of the 421 radio sources, 72 are within a 
redshift of 1.0 ^ z ^1.5. Of these, 11 sources have spectroscopic 
redshifts, and the remaining 61 h a ve ph otometric redshifts. Using 
the definition of iBrammer et al.l d2008h . the normalised median 
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absolute deviation (ctnmad) of redshifts is ctnmad = 0.035 
with a median Az of -0.024; where Az — z p hot — z 3pec . From 
Brammer et al ] d2008h . ctnmad is equal to the standard deviation 
for a Gaussian distribution. For the 39 objects with a spectroscopic 
redshift z > 1, ctnmad = 0.055 and there is Az of -0.047. 

A flux density of 100/^Jy at the redshift 2 = 1 gives a 1.4GHz 
luminosity of 6 x 10 23 WHz" 1 (see Section 3.5 for a full descrip- 
tion) . This is where the star- forming galaxy radio luminosity func- 
tion dMauch & Sa dler 2007) starts to decline strongly. It can there- 
fore be assumed that all radio sources above this flux limit in the 
catalogue which are at the redshift z > 1 are AGN (although there 
may be a small amount of contamination from star-forming galax- 
ies). 



Sample Sub-sample Number No. with spec-z 



Radio AGN Total 72 11 

X-ray AGN Total 62 37 

Hard X-ray AGN 30 16 

Soft X-ray AGN 32 21 

Quasar-like AGN 38 19 

Seyfert-like AGN 24 18 



Galaxy Sample Total 9 896 

Passive galaxies 1 961 

Star-forming galaxies 6 676 



2.4 Spatial Structure in the Spectroscopic Sample 

Potential biases may arise in our clustering analysis if the galaxies 
for which spectra have been obtained have spatial structure due to 
observational constraints. For the spectra used in this work, those 
objects with R < 21 have spectra from 2dF/AAOmega, which cov- 
ers the full UDS field with no gaps and minimal structure due to 
multiple fibre configurations. For the fainter objects with R > 21 
the spectroscopic redshifts were obtained using the Visible Multi- 
Object Spectrograph (VIMOS) instrument on UT3/Melipal. The 
programme was designed to provide the maximum number of spec- 
tra possible, using 27 overlapping masks to cover a square degree. 
For a more detailed description of the VIMOS mask preparation, 
see (Simpson et al., in preparation). Since the sky density of ra- 
dio and X-ray targets with R > 21 is relatively low (< 0.6 per 
arcmin 2 ) we anticipate minimal biasing due to slit placement. 

In conclusion, there is no significant spatial structure in the 
spectroscopic sample that may bias the results of the AGN/galaxy 
cross-correlation. Furthermore, the primary findings of this paper 
are tested in Section 3.4 by comparing the results obtained from 
the spectroscopic and photometric AGN samples. 



Table 1. A table of the AGN and galaxy samples in the redshift range 1 .0 
^ z ^1.5, along with the number of galaxies in each sample and the 
number that have spectroscopic redshifts. 



C = 



ZN RR (6)6- C 
XNrb(6) 



(2) 



where the sums extend to the largest separations within the field. 

To allow a meaningful comparison of cross-correlation func- 
tions, we require the redshift distribution, n(z), to be similar 
amongst the three populations (X-ray AGN, radio-loud AGN and 
the general galaxy population). This assumption holds with our 
data, as although the galaxy population does drop off slightly at 
high redshift, the distribution remains relatively flat over all three 
populations. 

The AGN-galaxy cross-correlations can then be compared 
with the various galaxy-galaxy autocorrelation functions to pro- 
vide a baseline for comparing the environme nts of AGN wi t h thos e 
of normal galaxies. We refer the reader to iHartlev et al.l d201 Oh . 
in which there are derived halo masses for both passive and star- 
forming galaxies in redshift bins relevant to this paper. 



3 PROBING AGN ENVIRONMENTS WITH 
CROSS-CORRELATIONS 

The environments of AGN are investigated using an angular two- 
point cross-correlation analysis, which probes large-scale structure 
as well as the small-scale environment of a population of objects. 
The correlation function is defined as the probability of finding a 
galaxy in a volume element at a given separation from an object 
compared to a random distribution of g a laxies . We calculate this 
using the estimator of lLan dv & Szalay] d 1993h . modified for the 
cross-correlation function between sample 1 and sample 2, 

/0\ _ N DlD 2 - N DiR 2 ~ N RlD 2 + N RiR 2 ^ 

where Nd x d 2 , Nd ± r 2 , Nr 1 d 2 and N^r^ are the normalised 
number counts of data-data pairs, data-random pairs (for both sam- 
ple 1 and sample 2) and random-random pairs respectively at an- 
gular separation 8. The random galaxy catalogue in this case is 50 
times larger than the number of galaxies between 1.0 ^ z ^1.5 
in the UDS, therefore ensuring that any error introduced by the 
uncertainty in the data-random pairs is kept to a minimum. This es- 
timator in equation 1 can introduce small errors to the correlation 
function at large scales due to the finite size of the field. This can 
be corrected using an integral constraint (e.g. Roche & Eales 1999) 
which takes the form 



3.1 X-ray AGN correlations 

Figure 2 shows the AGN/galaxy cross-correlation functions com- 
pared to the galaxy/galaxy auto-correlation function. The left hand 
panel of Figure [2] shows that the X-ray AGN reside in more dense 
environments than the general galaxy population over all scales 
within the redshift range 1.0 ^ z ^ 1.5. The errors on w(#) 
w ere calculated using boo tstrap techniques using the same method 
as iGhirlanda et al.l d2006l) . A random sample of the X-ray AGN 
were chosen (with replacement) to make up a bootstrap catalogue 
which is the same size as the actual X-ray AGN catalogue. The 
cross-correlation of the bootstrap catalogue was then found, and 
the whole process was repeated 100 times. The standard deviation 
from 100 cross-correlation results then represents the la error on 
w(#). The bootstrap errors in this case are slightly larger than the 
those derived from Poisson statistics. 

This calculation was repeated with different samples of X-ray 
AGN to test for any biases in the data and to check for consistancy 
in the results. This was also done to test whether the flux limit im- 
posed (see Section 2.2) had an effect on the magnitude of the cross- 
correlation, as the central pointing of the X-ray data is deeper and 
can therefore detect fainter AGN which may reside in different en- 
vironments. Firstly, only those AGN with spectroscopic redshifts 
(of which 37 out of 62 of the X-ray sample have this data available) 
were cross-correlated with all galaxies in the UDS. There was no 
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deviance from the results shown in the left hand panel of Figure[2] 
The only difference was the magnitude of the errors. Secondly, all 
of the AGN within the lOOks pointing of the SXDS (before any 
flux cuts were made) were cross-correlated with all UDS galaxies 
within the same reduced area in order to make sure that there is no 
bias towards the AGN which are brighter in the X-ray waveband. 
Again, there were no changes to the main result of this paper other 
than the size of the errors involved. The final check was to cross- 
correlate the AGN within the lOOks pointing with all of the galaxies 
in the UDS; not only those contained within the same reduced area. 
No difference other than the magnitude of the errors was detected. 

All three of these checks were repeated with every cross- 
correlation performed, including the cross-correlations of hard and 
soft X-ray AGN, optical and X-ray dominated AGN and finally the 
cross-correlations of X-ray AGN with the passive and star-forming 
populations (which are defined in Section 3.3). No deviance from 
any of the results displayed in this paper were found, and therefore 
the only results shown in this paper are those with the full sam- 
ple of galaxies; i.e. all 62 AGN and all of the galaxies between 1.0 
^ z ^ 1.5 in the UDS other than the areas used to mask stars and 
boundaries. 

A closer look at the number of galaxies within close proximity 
to an X-ray AGN reveals that out of 62, 11 (17.7%) have a nearby 
galaxy (within 5"; 42kpc) in the redshift range 1.0 ^ z ^1.5 
and with K < 23. The same calculation was repeated for the gen- 
eral galaxy population of which 16.6% have a close galaxy partner. 
These results do not indicate an excess of very close companions 
around X-ray AGN, which may suggest that close interactions are 
not responsible for AGN triggering. However, this does not rule out 
merging as a mechanism, as we cannot resolve the internal structure 
of many of the AGN. 

3.1.1 Hard-Soft X-ray AGN 

The X-ray detected AGN were divided into two categories (hard 
and soft) by calculating the hardness ratio. We used the equation 



where h is the flux in the hard band (2 — lOkeV) and s 
is the flux in the soft band (0.5 — 2keV). A HR value of less 
than -0.4 is classified as soft as this corresponds to an AGN at 
z = l with a moderate intrinsic absorbing column of Nh = 
1 x 10 22 atoms cm -2 . This assumes an unobscured power law 
spectrum with photon index r = 2. This value of HR also matches 
the natural division between soft sources at bright fluxes and the 
harder AGN emerging at faint levels. In our sample, 30 AGN were 
classified as hard, and 32 AGN as soft. No significant difference 
was found in the cross-correlation between the two categories of 
AGN, which can be seen in the l eft hand panel of Figure [3] which 
is in agreement with results from lCoiletal1(l2009h at a similar red- 
shift. This is in support of the AGN unification model which pro- 
poses that the only difference between the two AGN types is the 
orientation of the AGN with respect to the observer rather than any 
physical process. 

Following the same procedures that are detailed in section 4, 
the small scale environments of both types of AGN were inves- 
tigated. The colour and the K-band magnitude of the neighbours 
of both AGN type were compared on lOOkpc, 200kpc and 500kpc 
scales and K-S tests were performed to see if the neighbours were 
drawn from different parent populations. All tests confirmed that 
the neighbours of both types of AGN are consistent with being 



drawn from the same population. Again, this is consistent with the 
theory of AGN unification. 

3.1.2 Quasar-like and Seyfert-like AGN 

The X-ray AGN were divided into those in which infrared light 
from the galaxy itself dominates, and those which are dominated 
by X-ray flux from the AGN in order to compare those AGN which 
are quasar-like and those which are Seyfert-like. This involved cal- 
culating a value of viv in both the K-band and in the (hard) X-rays 
for each AGN, as these wavebands are not as susceptible to gas 
and dust obscuration. They should therefore give a good represen- 
tation of the AGN spectral energy distribution. These two values 
were then used to calculate a ratio between the the K-band flux 
and the X-ray flux. Those AGN that were defined to be optically- 
dominated (Seyfert-like AGN) had a K-band to X-ray flux ratio of 
greater than 2 (which is where there is a distinct turn-over in a plot 
of the flux ratios); and those with a ratio under 2 were defined to be 
X-ray dominated, which represents those galaxies which are more 
quasar-like. The mean K-band luminosity of the Seyfert-like galax- 
ies was found to be M k = -26.2. Using this method, 24 AGN 
were defined to be dominated by infrared light and the remaining 
38 dominated by X-ray light. 

No difference was found between the two populations (see 
Figure [3] right-hand panel). However, larger samples of AGN 
would be needed in order to investigate this result further, as well 
as the environments of hard and soft AGN (section 3.1.1) as small 
number statistics starts to play an important part in whether the 
cross-correlations are reliable. 

3.2 Radio-loud AGN correlations 

There are 72 AGN in the UDS between a redshift of 1.0 < Z «S 
1.5 that have been detected in the radio using the data from 
ISimpson et al] (2006). Of these AGN, 18 have a nearby galaxy as 
defined in Section [3~T| This represents 25 per cent of radio-loud 
AGN that could be associated with merging. This is not signif- 
icantly higher than that of the general galaxy population which 
would again suggest that close interactions of galaxies are not the 
dominant mechanism in the activation of radio-loud AGN. 

The right hand panel of Figure [2] shows the radio-loud AGN 
cross-correlated with all galaxies in the redshift range 1.0 ^ z ^ 
1.5, along with the galaxy-galaxy autocorrelation function at the 
same redshift. This shows that radio-loud AGN are living in dense 
environments, whic h is similar to what we see at lower redshifts 
dffickox et alj2009l) . 

In order to determine whether there was a dependence on radio 
luminosity with environment, the radio catalogue was divided into 
two (roughly equal) samples; those with a radio flux above 200/iJy 
and those below, with 35 and 37 AGN in each sample respectively. 
There was found to be no difference in the cross-correlation of ei- 
ther sample with the general galaxy population at 1.0 ^ z ^ 1.5. 

3.3 Passive and Star-forming Galaxies 

The left panel of Figure [4] shows the angular cross-correlation of 
star-forming galaxies with both X-ray and radio-loud AGN, whilst 
the right hand panel of Figure [4] shows the same cross-correlation 
but with passive galaxies rather than star-forming galaxies. The au- 
tocorrelation functions for passive galaxies and star-forming galax- 
ies are also shown on the figure for comparative purposes. The pas- 
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Figure 2. The angular cross-correlation function for X-ray selected AGN between a redshift of 1,0 ^ g ^1.5 compared to the galaxy-galaxy auto-correlation 
function within the same redshift (left) and for radio-loud AGN (right). 




Figure 3. The angular correlation functions for X-ray selected AGN between a redshift of 1,0 $ z ^1.5 with all galaxies within the same redshift. Left: The 
AGN have been split into two categories, hard and soft. Right: The X-ray AGN have been divided into those which are dominated by K-band flux (Seyfert-like 
AGN) and those that are dominated by X-ray flux (quasar-like AGN). 



sive sample in this case was defined as those galaxies that are red 
in U — B colour, to have a stellar age older than lGyr and have 
an ongoing star-formation rate of <0.5% of the initial rate implied 
by template fitting. The star-forming sample have only one crite- 
rion, and that is that they have a star-formation rate > 10% than that 
of their initial star-formation rate. For a detailed defin ition of how 
the pa ssive and starforming samples were formed see [Hartley et al.l 
< l2010h . Both types of AGN seem to be more strongly clustered with 
those galaxies that are passive rather than those galaxies which are 
actively forming stars. 



This is perha ps not a surprising result. As shown in 
lHartlev et al.l ( 120081) , passive populations of galaxies cluster more 
than star-forming galaxies and are among the most strongly clus- 
tered populations in the Universe at these redshifts. Therefore if an 
AGN is associated with a dense environment it is more likely to be 
associated with passive galaxies than star-forming galaxies. 



3.4 Halo Masses and Correlation Lengths 

Assuming that galaxies and AGN both trace the same un- 
derlying dark-matter distribution, in principle one can com- 
bine the AGN/galaxy cross-correlation function (wag) with 
the galaxy/galaxy auto-correlation function (woo) to infer the 
AGN/AGN auto-correlation function (waa)- Assuming both pop- 
ulations trace the dark matter with linear bias, one can show that 

WAA = Waq/wgG- (4) 

Using galaxies as tracers in this way can help to overcome the 
small number of AGN pairs to derive a more reliable estimate of 
their intrinsic clustering. With projected angular correlation func- 
tions, however, we must also assume that both populations trace 
the same redshift distribution, which is broadly the case in our data 
over the redshift range 1.0 < z < 1.5. This can be seen in Fig- 
ure [5] We used a two-sample Kolmogorov-Smimov test (KS test) 
on the redshift distributions of both the spectroscopic and overall 
AGN populations with the null hypothesis that each of the two 
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Figure 4. The cross-correlation of X-ray AGN and radio-loud AGN with starburst (left) and passive (right) galaxies within the redshift range 1.0 ^ z ^ 1.5. 



samples are drawn from the same continuous distribution as the 
general galaxy population. This was repeated for both the X-ray 
detected AGN and the radio AGN. The results show that all popu- 
lations are consistent with being drawn from the same continuous 
distribution, and in no cases could the null hypothesis be rejected 
at a significance of > 95 %. We therefore find no strong evidence 
that the AGN and galaxy populations do not trace the same redshift 
distribution. 

Figure 2 shows that the cross-correlation of radio and X-ray 
AGN with the full galaxy sample is significantly stronger than the 
galaxy/galaxy auto-correlation. From the equation above, the im- 
plied amplitude of AGN clustering must therefore be very high. 
This can also be seen in the right-hand panel of Figure 4, where 
the cross-correlation with passive galaxies is shown to yield an am- 
plitude comparable to the passive galaxy auto-correlation function 
(and is in fact somewhat higher). 

From the inferred magnitude of the XAGN/XAGN auto- 
correlation function, waa, we can fit a single power law of the 
form waa = A(6~ s — C) to the data over the separation range 
0.025—0.30 degrees, which corresponds to a lower limit of 750kpc. 
We fix the slope at 5 = 0.8 and minimise the \ 2 - We do not use 
the data below 0.025 degrees because it is known that the 1-halo 
term begins to dominate at this scale, as is evident from the cross- 
correlation statistics (see Figure|2}- This deviation is due to multi- 
ple occupation of dark matte r halos and can be modelled by a halo 
occupation distribution (e.g. ICoorav & Shethll2002l : IPorciani et al.l 
l2004l ; |Padmanabhan et al.ll2009l :lMivaii et a l]|201ll) . Such an anal- 
ysis is, however, beyond the scope of this work. We do not fit to 
scales above 0.3 degrees as the size of the survey limits our mea- 
surements. The real space clustering an d projected clu stering are 
linked by the relativistic Limber equation dLimberll954l) . If the red- 
shift distribution of a sample is known, the Limber equation can be 
inverted and the correlation length, rp, can be calculate d in a robust 
manner jPeeblesll980l : lMagliocchetti & Maddoxll 19991) . Taking the 
redshift distribution of the X-ray detected AGN, we obtain an es- 
timate of the correlation length ro = lT.Olj'g Mpc. The quoted 
errors are due to the error in the fit and therefore take into ac- 
count bootstrap errors, but not those due to cosmic variance. We 
then use the method and fo rmulae used b y Mo & White (2002) 
(which includes work from IPress & Schechterlll974|: | Bond et al.l 
Il99ll iMo & Whitdll996l ; Ijindl 19981 : ISheth et al.ll200ll) to calcu- 



late the typical halo mass within which the X-ray AGN reside. We 
compare the value of ro from our measurements to those of dark 
matter halos, which corresponds to a mass of 5. 7±2:2 x !0 13 M 
atz ~ 1.25. 

We then repeated the same calculations on the inferred auto- 
correlation function of the radio AGN. We find a correlation length 
of ro = 7.4^3 q Mpc, which corresponds to a typical halo mass 
of 3.2±|;g x 10 12 M at z ~ 1.25. This is indicative of both 
X-ray and radio selected AGN residing in significantly overdense 
environments compared to ordinary galaxies at the same epoch. 



3.5 Massive Galaxies 

An interpretation of our results so far could be that the AGN- 
galaxy cross-correlation is stronger than the galaxy autocorrela- 
tion because the UDS is very deep and therefore could be detecting 
many low-luminosity galaxies that are not as strongly clustered as 
those hosting AGN. In order to test whether this is the case, we re- 
calculated the autocorrelation function of all galaxies whilst slowly 
increasing the K-band luminosity threshold of galaxies included 
in the sample. Starting with all galaxies with a K-band luminosity 
brighter than Mk = —23, and decreasing in steps of 0.5 mag, the 
autocorrelation function was re-calculated until only those galaxies 
with a luminosity brighter than Mk — — 25 remained. The magni- 
tude of the autocorrelation function does not change until a K-band 
luminosity of Mk = —25 is reached, which mostly represents the 
most massive and passive galaxies. From calculating these autocor- 
relations, we can say that the low-luminosity galaxies in the UDS 
are not artificially lowering the amplitude of the galaxy/galaxy au- 
tocorrelation function. T hese results are cons istent with the cluster- 
ing analysis presented in lHartlev et al. I d2010l) . which showed that 
the strength of galaxy clustering does not depend strongly on lumi- 
nosity until the samples are dominated by the red, passive galaxies 
at the highest luminosities. 

An obvious interpretation of the strong cross-correlation sig- 
nals is that AGN at these redshifts reside in massive galaxies which 
in turn are found in the most dense environments within the most 
massive dark-matter halos. This would, however, imply that X-ray 
AGN at z > 1 reside in very different environments to those ob- 
served in the local Universe. It is important to note that although the 
host galaxies may be more massive, the luminosities of the AGN 
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Figure 5. The redshift distributions between 1.0 ^ z ^ 1.5 of the total galaxy population (black), the overall AGN distribution (red, dashed), and those 
AGN with spectroscopic redshifts (filled red). Both the overall galaxy distribution and the AGN distribution have been normalised so that the area under each 
histogram is equal to 1. The filled red histogram has been normalised so that it represents the fraction of AGN with spectroscopic redshifts. The X-ray AGN 
are shown on the left panel, and the radio AGN are shown on the right panel. 



are still typ ical of those associated with the knee of the luminosity 
function tebrero et al1l2009l; iMivaii et al.ll2000l) . see Section 2.2. 
As was mentioned in Section [T] X-ray AGN in the local Universe 
reside in many different types of environment, and it appears that 
AGN l ive in star-forming ga laxies irrespective of environment at 
z < 1 dSilverman et al.l2009l) . 



3.6 A Low-Redshift Comparison (0.5 ^ z ^ 1.0) 

Cross-correlations were also calculated between X-ray AGN, radio 
AGN and all galaxies for a lower redshift of 0.5 ^ z ^ 1.0 in 
order to confirm findings from previous studies. Earlier work has 
found that X-ray AGN reside in moderately dense environments , 
as previously seen by dGilmour et ail 120071 : Iffickox et al l |2009| ; 
ISilverman et al.l2009t) . whereas radio AGN prefer to r eside in much 
denser regions associat ed with cluster environments dHickox et al.l 
l2009l;IWake e"tai]|2008l) . 

There were 60 X-ray AGN in the sample once the same se- 
lection techniques outlined in section I3.1l were applied, along with 
12,602 field galaxies (after masking and in the redshift range 0.5 
^ z ^ 1.0). Of the X-ray AGN, 28 have spectroscopic redshifts 
and the remaining 32 have photometric redshifts. For a brief sum- 
mary of the different samples and numbers of AGN in the low- 
redshift comparison, see Table 2. The mean X-ray luminosity in 
this sample of AGN is 7 x 10 43 erg s _1 , which falls within the 
ra nge of luminosities of X-ray selected AGN that were discussed 
bv lHickoxetai] ( l2009h at a similar redshift. We are therefore prob- 
ing X-ray AGN of similar luminosities to the 1.0 ^ z ^ 1.5 sam- 
ple, again around the kn ee in the luminosity function dEbrero et al.l 
2009; Miva ii et al . 2000). The result of the cross-correlation can be 
seen in the left panel of Figure [6] It is difficult to interpret the re- 
sult, as the errors associated with the calculation are large due to 
the small number of AGN, but the similarity to the galaxy/galaxy 
autocorrelation function suggests that the AGN reside in environ- 
ments comparable to ordinary galaxies at these redshifts. However, 
the distinction is not as strong as that seen in Figure [2] suggesting 
that there is some kind of evolution associated with X-ray AGN. 

Unlike the previous radio AGN sample in which we assumed 



Sample 


Number 


No. with spec-z 


X-ray AGN 


60 


28 


Radio AGN 


64 


12 


Galaxy Sample 


12 602 





Table 2. A table of the AGN and galaxy samples in the redshift range 0.5 
^ z ^1.0, along with the number of galaxies in each sample and the 
number that have spectroscopic redshifts. 



all sources were AGN rather than star-forming galaxies, the radio 
sources at the redshift of 0.5 ^ z ^1.0 were divided into two cate- 
gories; those which are star-forming and those which are AGN. The 
AGN luminosity threshold was determined by setting a maximum 
star-formation rate, converting this to a nonthermal luminosity Ljv 
and consequently a 1.4GHz flux (assuming an average reds hift of 
z 



consequently a 1.4uHz flux (assuming an average redsr 
0.75) using the following equation from lCondonrill992l) : 

~SFR(M > 5M Q ) 



WHV 



5.3x10 



21 / v 
VGHz 



M yr- 



,(5) 



where a is the nonthermal spectral index. There is also a radio 
thermal fraction to consider, but at a frequency of 1.4GHz, most of 
the radio signal will be from synchrotron emission, and therefore it 
is the nonthermal contribution which will dominate. 

There will be some overlap in radio luminosity between star- 
forming galaxies and AGN; however, by setting a high maximum 
star-formation rate (we set a threshold at 100 solar masses per year), 
this can be kept to a minimum. In this way we obtain a sample 
of 64 radio AGN in the redshift range 0.5 ^ z ^ 1.0, of which 
12 have spectroscopic redshifts. The right hand panel of Figure [6] 
shows that at this epoch radio AGN do indeed reside in very dense 
environments. This is consistent with radio AGN being found in 
the dense regions as s ociate d wi th the centre of galax y clusters, as 
found by iBest et all J2002h and I Johnson et al.l J2003h at a similar 
redshift. 

Overall, our results appear to confirm previous work at low 
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Figure 6. The angular cross-correlation function for X-ray selected AGN between a redshift of 0.5 ^ z ^ 1 .0 compared to the galaxy-galaxy auto-correlation 
function within the same redshift. 



redshift; we find that radio AGN at z < 1 reside in significantly 
denser environments than X-ray emitting AGN. 



4 SMALL SCALE AGN ENVIRONMENTS 

The cross-correlations at high redshift (1.0 ^ z ^ 1.5) in Sec- 
tion 3 show that both types of AGN are found in dense environ- 
ments. In order to investigate whether there are differences in the 
type of environment, we studied the properties of the immediate 
galaxies surrounding the AGN. We made three separate samples 
of the neighbouring galaxies. The first sample includes those that 
are within a physical distance of lOOkpc from an AGN and should 
therefore include very close neighbouring galaxies. A second sam- 
ple was drawn of those galaxies that are found within 200kpc of 
an AGN which should represent its group environment. The final 
category was made from those galaxies that are within 500kpc of 
an AGN, which should be representative of the wider environment. 
These three categories were then each divided into two further sam- 
ples representing the neighbouring galaxies to an X-ray AGN and 
to a radio-loud AGN. 

We then compared the properties of the galaxies contained 
within these six samples with the overall galaxy population, start- 
ing with U — B colour (see Figure 6). We used a KS test of the 
U — B colour distribution with the null hypothesis that each of 
the six samples are drawn from the same continuous distribution 
as the general galaxy population. Comparing lOOkpc, 200kpc and 
500kpc samples of galaxies surrounding the X-ray AGN with the 
general galaxy population shows that the two populations are con- 
sistent with being drawn from the same continuous distribution, 
rejecting the null hypothesis at only 50.8%, 10.9% and 42.1% sig- 
nificance respectively. A KS test of the radio-loud AGN neighbours 
at lOOkpc, 200kpc and 500kpc with the general population reveals 
however that the two populations are drawn from different distribu- 
tions, rejecting the null hypothesis at 99.994%, 99.98% and 99.8% 
significance. 

KS tests were also run on the absolute K-band magnitude of 
the same galaxy samples. All populations were found to be drawn 
from the same data set, with the exception of the neighbours within 
a 200kpc radius of a radio-loud AGN. These galaxies were found to 



be drawn from a different (typically brighter) population of galaxies 
to 98.4% significance. 

These results show that radio-loud AGN live in different envi- 
ronments to the general galaxy population. From Figure 6, it seems 
as though radio AGN are associated with galaxies that are red or 
green in U — B colour. Combining these results with those from 
Section 3 where radio-loud galaxies are found to be in dense envi- 
ronments at a redshift 1.0 1.5 shows that radio galaxies prob- 
ably live in very similar environments to which they are found in 
the local Universe. 

Inspecting the optical/IR images by eye, it is indeed possible 
to see that the radio AGN are associated with overdense areas, al- 
though such conclusions are somewhat qualitative. In a large frac- 
tion of cases, the radio AGN can be seen to be in the centre of small 
clusters of galaxies, and seem to be especially associated with those 
galaxies that are red in U — B colour. This suggests that radio-loud 
AGN at this redshift can still tentatively be associated with dense 
groups of galaxies, similar to what is seen in the near Universe. A 
similar inspection of the X-ray selected AGN reveals that the range 
of environments they reside in seems to vary; a significant amount 
(again, around 50%) seem to be associated with the larger struc- 
tures in this redshift range, although they are not so predominantly 
found in the centres of these structures. 



5 DISCUSSION AND CONCLUSIONS 

We investigate the environments of both X-ray and radio-loud AGN 
within the UKIDSS Ultra-deep survey (UDS), focusing on the red- 
shift range 1.0 ^ z 1.5. Deep K-band selection is used to sam- 
ple the galaxy density field, using 9896 galaxies with photometric 
redshifts derived from 11 -band optical/IR photometry. Our mea- 
sure of 'environment' is defined by projected galaxy overdensity, 
as measured by angular cross-correlation. We find that both X-ray 
and radio-loud AGN reside in significantly overdense environments 
compared to ordinary galaxies (Figure 2), with cross-correlation 
amplitudes suggesting environments comparable to luminous pas- 
sive galaxies at this epoch. Combining the cross-correlation results 
with the galaxy auto-correlation function we infer dark matter halo 
masses for X-ray emitting AGN of order ~ 10 13 Mq, comparable 
to the halos occupied by the progenitors of massive elliptical galax- 
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Figure 7. The U — B colour of the neighbours within lOOkpc, 200kpc and 500kpc of X-ray and radio AGN within the redshift 1.0 ^ 2 ^1.5 compared to 
the general population. 



ICS dHartlev et ai]|20ld) . It would be of benefit to obtain AGN and 
galaxy samples with a larger fraction of spectroscopic redshifts in 
order that more confidence can be placed in the cross-correlation 
analysis and so that errors on calculations made on these measure- 
ments can be reduced. 

Our results suggest a change in the environments of X-ray 
emitting AGN at z > 1 compared to lower redshifts. Previous stud- 
ies revealed that X-ray emitting AGN at z < 1 live in environments 
comp arable to blue starforming galaxies (e.g. ISilverman et al.l 
|2009|) . with a tendency to avoid high-den sity regions such as 
the central regions of galaxy clusters (e.g. iGilmour et al.l 120071 ; 
iKocevski et"afl2 009). If confirmed, the very different environments 
we observe at z > 1 may indicate a 'downsizing' scenario in which 
AGN activity occurs preferentially within the most massive dark 
matter halos at high redshift, shifting to lower mass systems to- 
wa rds the present day. Such an evolutionary model was proposed 
bv lffickox eTafl fc(X)9h . who argue that an X-ray bright phase oc- 
curs when a galaxy's dark matter halo grows to a critical mass 
between ~ 10 12 Mq and ~ 10 13 Mq, thereafter shifting to ra- 
diatively inefficient radio-mode activity. Given our small sample 
(62 X-ray emitting AGN) and the relatively small size of the field 
(~ 40 x 40 comoving Mpc at z ~ 1) we believe that further stud- 
ies will be required to test our findings, which may be influenced 
by cosmic variance. 

Mergers and interactions between galaxies are also thought 
to play an important role in the type and frequency of AGN ac- 
tivity. Simulations have been able to reproduce the observed peak 
of high luminosity AGN at z ^2 through major mergers of 
high m ass galaxies (Wang & Kauffmann 2008). Georgakaki s et al.l 
(2007) find that X -ray AGN avoid underdense environments and 
therefore conclude that a SMBH becomes active during the infall 



of its host galaxy to an overdense region. They also suggest that 
lower luminosity AGN activity could be triggered by interactions 
with neighbouring gal axies, but not d ue specifically to merging; a 
conclusion that Silverman et al. (2009) also draw from their studies 
of AGN environments in the COSMOS field. Our results may indi- 
cate that such processes are more prevalent in higher mass halos at 
z > 1 compared to the present day. 



In contrast to what is found at lower redshifts, we find that 
X-ray AGN reside in significantly overdense environments at 1.0 
^ z ^1.5. Although the errors involved are large, we also find that 
X-ray AGN are found in slightly more massive halos than those of 
radio AGN at this redshift. On small scales, however, we find that 
the neighbours of radio-loud AGN differ from those of X-ray AGN 
in rest-frame U — B colour. On scales < 200kpc the neighbours 
of radio-loud AGN are significantly skewed towards red sequence 
galaxies, while the neighbours of X-ray emitting AGN appear sim- 
ilar to the general galaxy population. This may suggest that radio- 
loud AGN are preferentially located in the cores of massive halos 
while X-ray emitting AGN are generally lo cated in the outskirts , 
perha ps triggered by infall a s suggested by Ijohnson et al.l d2003l) 
andlGeorgakakis ^t al.l d2007h . Alternatively, it may be that X-ray 
emitting AGN are typically located in more 'active' halos, in which 
galaxies are undergoing more nuclear and star-forming activity 
generally, perhaps triggered by a recent halo merging event. Radio 
AGN may then be located in older systems, where star-formation 
has typically ceased and the more massive galaxies have entered 
ra diatively inefficient, radio-loud modes of accretion, as suggested 
by iHickox et al] (2009). Further investigation with larger samples 
will be required to disentangle these possibilities. 
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